The interaction between graphene and copper (111) surface have been investigated using the molecular dynamics simulations. We have shown that it is possible to fit Lennard-Jones potential leading to the correct values of the binding energy and the binding distance and, at the same time, yielding experimentally observed Moiré superstructures. The dependencies of the binding energy, the binding distance and the graphene thickness on the parameters of the potential and the rotational angle are presented.
INTRODUCTION
Since the investigations of Novoselov et al. [1] [2] [3] were published, graphene has become one of the most popular subject of scientific researches due to its unique physical properties [4] [5] [6] [7] [8] . However, for the technical applications of graphene it is necessary to develop an effective method for producing highly crystalline wafer-scale graphene. The catalytic chemical vapor deposition (CVD) of carbon precursors is one of the most widespread methods that have been used to grow wafer-scale graphene [9] . CVD is widely known to involve the decomposition of a carbon feedstock, either hydrocarbons or polymers, with the aid of heat and metal catalysts [10, 11] . Various metals, such as Cu, Ni, Pt, Ru, and Ir, have been proven to catalyse the growth of graphene.
The growth mechanism of graphene on Cu is quite different from the others, because the solubility of carbon in the Cu bulk is very low, and the mobility of carbon can be concluded to be a purely surface-based process [12] . As a result, the growth of graphene on Cu is surface mediated and the limited diffusion of carbon into the Cu bulk is occurred [13] [14] [15] . Graphene can be nucleated on various crystal facets on Cu [16] , however, the Cu(111) surface is more preferable for the synthesis of high quality monolayer graphene [17] . Two predominant graphene orientations on Cu(111) have been observed [18] : one with zero rotational angle Θ and large Moiré pattern (∼ 6.6 nm periodicity) and another with Θ ≈ 7
• and smaller Moiré pattern (∼ 2 nm periodicity). Moiré superstructures with another rotational angle (Θ = 10.4
• ) are also observed [19] .
The most widely used theoretical methods for the investigation of graphene growth on metal surfaces are the density functional theory (DFT) and the molecular dynamics (MD). DFT calculations are usually used for investigation of adsorption of carbon atoms, dimers and planar sheets of graphene on metal surfaces, while * kolesnikov@physics.msu.ru MD is more appropriate for studying graphene properties at the mesoscopic scale. A lot of recent DFT calculations [20] [21] [22] [23] [24] [25] [26] [27] [28] [20] ; the generalized gradient approximation (GGA) leads to unstable configurations with positive binding energies [26, 27] ; and the usage of the van der Waals density functional (vdW-DF) approximation leads to the following E b (in meV/atom): −38 [22, 26] , −180 [25] . The values of binding distances d of graphene on Cu(111) surface vary from 2.23Å [26] to 3.26Å [21] in LDA; from 2.96Å [25] to 3.67Å [26] in vdW-DF approximation; and from 3.63Å [27] to 3.91Å [26] in GGA. Summarizing these results, one can see that DFT calculations lead to ambiguous values of the binding energy E b ≈ −30 ÷ −180 meV/atom and the binding distance d ≈ 2.2 ÷ 3.9Å of graphene on Cu(111). This ambiguity dives us some freedom in the fitting of interatomic potentials.
MD simulations of graphene on Cu surfaces allow to investigate such interesting phenomena as the formation of Moiré superlattices [19, 29] , peeling and folding of graphene [29] , interaction of graphene with metal clusters [30] , and also jumping of metal nanodroplets [31] . Usually, the Lennard-Jones (L-J) potential
is used to describe van der Waals interaction between carbon and Cu atoms, where r ij is the distance between the atoms i and j, ǫ and σ are the L-J parameters. The investigation [29] showed that parameters ǫ = 0.0168 eV and σ = 2.2Å lead to values of E b and d which agree with the results of DFT calculations [23] . However, the binding energy of graphene on Cu(111) surface has only one minimum at Θ = 0
• . This result is in contradiction with the experimental data [18] . Süle et al. have fitted the Abell-Tersoff-like angular-dependent potential for the C-Cu interaction [19] and shown that the binding energy of graphene on Cu(111) surface has local minima at the following Θ: 0.0
• , 10.4
• , and 16.1
• . It is necessary to underline that only three from six orientations have been observed experimentally [18, 19] . Besides, we have some doubts that the Abell-Tersoff potential can correctly describe van der Waals interaction. In this paper we will show that it is possible to fit L-J potential which leads to the correct values of E b and d and, at the same time, gives two different Moiré superstructures with rotational angles Θ ≈ 0
• and Θ ≈ 7
• . The paper is organized as follows. In Section II, we present our model used for the simulations. In Section III, we concentrate on the investigation of Moiré superstructures of graphene on Cu(111) surface at different L-J parameters of the C-Cu interaction. We conclude our paper in Section IV.
II. COMPUTATIONAL METHOD
MD simulations are applied for the investigation of Moiré superstructures of graphene on Cu(111) surface. Carbon and copper atoms are described as classical particles interacting through interatomic potentials. Widely used Tersoff-Brenner (T-B) interatomic potential [32, 33] is used to describe the carbon-carbon interaction. In the T-B potential, the total energy of the carbon-carbon interaction is expressed as
where r ij is the distance between the carbon atoms i and j, V R and V A are the repulsive and attractive energies
B ij is the many-body coupling parameter
The cutoff function f c (r ij ) has the form
and the angle function G(θ ijk ) is
where θ ijk is the angle between the bonds i − j and i − k.
We use the following parameters [33] : D e = 6.325 eV, S = 1.29, β = 1.5Å −1 , R e = 1.315Å, R 1 = 1.7Å,
The copper-copper interatomic potential is formulated in second moment of the tight-binding approximation [34] . In this approximation, the attractive term U B (band energy) contains the many-body interaction. The repulsive part U R is described by pair interactions (BornMayer form). The total copper-copper energy V Cu−Cu is the sum of the band energy and repulsive part:
where r ij is the distance between the copper atoms i and j, ξ is an effective hopping integral, p and q describe the decay of the interaction strength with distance between atoms, and r 0 and A are adjustable parameters of interatomic interaction. The cutoff function f c (r ij ) is the same as in the T-B potential (7). The interatomic potential reproduces the bulk and surface properties of copper. Reliability of this potential for the copper surfaces has been demonstrated [35] [36] [37] . The following parameters are used in our calculations [34] : A = 0.0854 eV, ξ = 1.2243 eV, p = 10.939, q = 2.2799, r 0 = 2.5563Å, R 1 = 6.5Å, R 2 = 7.5Å.
In our work, we examine the ability of L-J potential to describe the interaction between graphene and Cu(111) surface. Thus, the total energy of carbon-copper interaction is
f c (r ij ) is the cutoff function (7) with parameters R 1 = 6.5, R 2 = 7.5. We vary the parameter ǫ from 0.008 to 0.03 eV and σ from 1.8 to 3. (see Figure 1a) . To avoid boundary effects for graphene, the diameter of the disc is 2 nm smaller than the lateral length of the calculation cell. A series of MD simulations have been carried out for the different parameters ǫ and σ, and rotational angles Θ, where Θ is the angle between the horizontal direction of the calculation cell and the zig-zag direction of graphene, as shown in Figure 1b . We vary the angle Θ from 0
• to 11
• . To obtain the binding energy between graphene and Cu(111) surface, we first relax the sample at the temperature of 300 K for 15 ps (30000 time steps). At this step we employ a chain of Nosé-Hoover thermostats to simulate the canonical ensemble [38] [39] [40] . After that, the minimum of the energy of the carbon-copper system at the zero temperature is found by means of molecular statics method. To eliminate possible edge effects, the binding energy is calculated only for the inner area of the graphene disk with the diameter of 18 nm. • . Yellow area: Θ = 1
• . The point in the red area represents the L-J parameters used in paper [29] ; the points in other areas are chosen arbitrarily.
The dependence of d on the parameter ǫ is very weak. Comparing our results with the results of DFT calculations [20] [21] [22] [23] [24] [25] [26] [27] we see that there is a wide region of L-J parameters giving the appropriate values of the binding energy E b and the binding distance d of graphene on Cu(111).
The region of L-J parameters which gives the binding energy E b = −30 ÷ −180 meV/atom is presented in the figure 3 as a two-dimensional map. Different colors represent the L-J parameters leading to different local minima of the binding energy as a function of the rotation angle Θ. The point in the red area represents the L-J parameters used in paper [29] . The other points are chosen in the middle of each area. Figure 4 shows that the L-J parameters from the red area lead to only one local minimum of the binding energy E b = −62 meV/atom at Θ = 1
• . This result is in a good agreement with the previous results [29] : E b = −59 meV/atom at Θ = 0
• . The small difference is caused by two factors: (i) we use another type of Cu-Cu interatomic potentials and (ii) we vary the rotation angle Θ with smaller step ∆Θ = 1
• . This result is in a contradiction with the experimental data [18] . In the yellow area the binding energy has two local minima: the global minimum at Θ = 1
• and the small local minimum at Θ = 8
• . The local minima becomes deeper with increase of the parameter ǫ. The existence of two minima of the binding energy leads to two possible graphene orientations. This result is in a agreement with the experimental data [18] . In the green area the binding energy has three local minima: the global minimum at Θ = 1
• and two small local minima at Θ = 8
• and Θ = 10 • . Thus, three different graphene orientations are possible. This result is in a good agreement with the experimental data [19] . In the blue area the binding energy has four local minima: the global minimum at Θ = 1
• and three small local minima at Θ = 6
• , 8
• , 10
• . And in the darkblue area the binding energy has five local minima: the global minimum at Θ = 1
• and four small local minima at Θ = 3
• , 6
• . The graphene orientations with the rotation angles Θ = 3
• have not been observed experimentally. However, the L-J parameters from the dark-blue area lead to the same results as presented in the theoretical part of the paper [19] . To calculate the Moiré superstructures we chose the point ǫ = 0.016 eV, σ = 3.0Å from the green area of the map. Figure 7 shows the Moiré superstructures with the rotational angles Θ = 1
• . The Moiré pattern has a periodicity of ∼ 6.0 nm if Θ = 1
• , ∼ 1.7 nm if Θ = 8
• , and ∼ 1.4 nm if Θ = 10
• . These results are in a good agreement with experimental data [18, 19] . The Moiré patterns for the L-J parameters from the yellow area look very similar.
IV. CONCLUSION
Summarizing the results discussed above we want to underline that all L-J parameters presented in the map (Figure 3 • [19] . In this way, we demonstrate that it is possible to fit L-J potential leading to the correct values of E b and d and, at the same time, yielding experimentally observed Moiré superstructures.
It is very important that the L-J potential can be fitted to agree with experimental data, because the applying of a such simple potential allows substantially decrease the calculation cost for large systems. We believe that results reported here will be useful for future numerical calculations.
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